Fatty liver disease is one of the most prevalent forms of chronic liver disease that encompasses both alcoholic liver disease (ALD) and nonalcoholic fatty liver disease (NAFLD). Alcoholic steatohepatitis (ASH) and nonalcoholic steatohepatitis (NASH) are intermediate stages of ALD and NAFLD, which can progress to more advanced forms, including cirrhosis and hepatocellular carcinoma. Oxidative stress and particularly alterations in mitochondrial function are thought to play a significant role in both ASH and NASH and recognized to contribute to the generation of reactive oxygen species (ROS), as documented in experimental models. Despite the evidence of ROS generation, the therapeutic efficacy of treatment with antioxidants in patients with fatty liver disease has yielded poor results. Although oxidative stress is considered to be the disequilibrium between ROS and antioxidants, there is evidence that a subtle balance among antioxidants, particularly in mitochondria, is necessary to avoid the generation of ROS and hence oxidative stress. Conclusion: As mitochondria are a major source of ROS, the present review summarizes the role of mitochondrial oxidative stress in ASH and NASH and presents emerging data indicating the need to preserve mitochondrial antioxidant balance as a potential approach for the treatment of human fatty liver disease, which may pave the way for the design of future trials to test the therapeutic role of antioxidants in fatty liver disease.
most prevalent forms of chronic liver disease worldwide due to its association with obesity and type 2 diabetes. Despite intense research, the pathogenesis of ASH and NASH is still incompletely understood.
Mitochondrial dysfunction and subsequent onset of oxidative stress are considered critical players in NASH and ASH, underlying the second hit in the "two-hit" scenario of SH. (5, 6) Indeed, although other potential mechanisms contribute to disease progression (e.g., endoplasmic reticulum [ER] stress, autophagy impairment), NASH has been considered a mitochondrial disease. (6) Mitochondria are the primary intracellular sites of oxygen consumption, which takes place in the mitochondrial respiratory chain (MRC), and therefore are a major source of reactive oxygen species (ROS) generation. (7) Despite evidence indicating defective MRC activity and oxidative phosphorylation (OXPHOS) in nonalcoholic fatty liver disease (NAFLD) and alcoholic liver disease (ALD), (8, 9) the contribution of this functional defect to the overall progression to ASH and NASH remains to be fully understood, especially in light of data dissociating defective MRC and OXPHOS with NASH and ASH progression (see "Mitochondrial Dysfunction in NAFLD/ALD: An Ongoing Conundrum" section). Because superoxide anion is the first ROS generated in mitochondria by the transfer of electrons from MRC to molecular oxygen and the source of other ROS and reactive nitrogen species (RNS), the dismutation of superoxide anion may be a critical approach to prevent oxidative stress and the consequences in inactivating mitochondrial components that contribute to mitochondrial dysfunction and potential impact in disease pathogenesis. However, superoxide anion dismutation generates hydrogen peroxide; therefore, targeting the former requires an adaptive capacity to detoxify the latter to prevent accumulation of unwanted reactive species (ROS/RNS), which can further damage mitochondrial components and contribute to disease progression. This scenario thus defines a critical balance among antioxidants that may affect the design of future trials in testing the role of antioxidant therapy in human SH. Although mitochondria are not the only source of ROS in cells, they are important ROS generators. Thus, in the present review, we focus on mitochondrial oxidative stress and summarize the concept of oxidative stress beyond the classical view of an imbalance between oxidants and antioxidants and the emerging evidence that targeting just a single ROS species may be insufficient to prevent SH progression, which may underlie the limited therapeutic benefits of clinical trials using a particular antioxidant for the treatment of SH.
Oxidative Stress: Concept, Sources, and Defenses
Although the pathophysiology of NAFLD and ALD is complex and involves a close interaction between host genetics and environmental factors, growing evidence supports a key role for oxidative stress caused by the generation of ROS in the progression of NAFLD and ALD. As the contribution of oxidative stress in NAFLD and ALD pathogenesis has been the subject of several reviews, (10) (11) (12) (13) (14) here we will briefly present the concept of ROS and oxidants, as well as the sources and strategies of defense.
ConCept
As defined more than three decades ago, oxidative stress was considered an imbalance between the generation of ROS and oxidants and the counteracting activity of antioxidants. (15) This concept implied that either the overgeneration of free radicals and ROS artiCle inFormation:
and/or the limitation or impairment in the action of antioxidants can result in the net accumulation of ROS, which can exert deleterious effects in cell function, ultimately contributing to aging and major diseases, including fatty liver disease.
Free radicals are molecules or atoms characterized by the presence of unpaired electrons; this property determines their extreme reactivity in chemical reactions for electrons exchange. Free radicals are commonly generated by homolytic bond cleavage between two atoms of similar electronegativity (e.g., O-O or O-N bonds) or by a single-electron transfer to an atom or molecule (e.g., superoxide anion). Moreover, although two-electron oxidants are not strictly radicals, they arise from the metabolism or scavenging of one-electron radicals, as best illustrated in the generation of hydrogen peroxide from superoxide anion. The reactivity or the oxidizing potential of free radicals/ oxidants can be estimated by the one-electron reduction potential, which reflects the affinity of a molecule or atom for electrons compared with that of hydrogen (which is set at 0), with the reduction potential of superoxide anion being intermediate between hydrogen peroxide and hydroxyl radical. (16, 17) Thus, among biologically relevant ROS and free radicals, hydrogen peroxide has the lowest reactivity and the highest stability and intracellular concentration, and therefore it is highly regulated in cells to avoid its overgeneration.
sourCes
Although ROS and oxidants derive from different sources as subproducts of cellular metabolism, because of the consumption of molecular oxygen within the MRC, mitochondria are important ROS generators. In addition, free radicals and ROS can be generated by various enzymes in the cytosol, such as amino acids oxidases, cyclooxygenase, lipoxygenase, nitric oxide (NO) synthase, and xanthine oxidase, which generate superoxide anion and other derived ROS. These enzymes link the generation of ROS with specific signaling pathways involved in particular pathological processes. (18, 19) For instance, cyclooxygenase and lipoxygenase link superoxide anion generation to arachidonic acid metabolism and inflammation, with important implications in cancer, whereas xanthine oxidase has been involved in ischemia/reperfusion injury and liver transplantation. (20, 21) Oxidants also are generated by sulfhydryl oxidase in the ER during protein folding and disulfide bond formation necessary for the assembly and secretory pathway for proteins (22) as well as in peroxisomes by peroxisomal oxidase. Of particular relevance for liver pathology is the burst of superoxide anion formed by nicotinamide adenine dinucleotide phosphate, reduced form (NADPH) oxidase due to the transfer of one electron from NADPH to molecular oxygen. Although NADPH oxidase was first described in phagocytes of the innate immune system (e.g., neutrophils and macrophages) and considered a first line of defense against ingested pathogens, (23) NADPH oxidase has been involved in many pathologic processes, including cardiovascular disorders and liver diseases. (24, 25) In addition to the extramitochondrial source of superoxide anion, its mitochondrial generation is a collateral consequence of respiration in the MRC. (26, 27) ( Fig. 1) The specific site of superoxide anion generation within mitochondria is not completely understood, but increasing evidence points to the involvement of the flavin mononucleotide group of complex I through reverse electron transfer, (28) which is consistent with the ability of diphenyleneiodonium to inhibit succinate-supported ROS generation without affecting the flavin group of complex II. Moreover, complex III of respiration is also known to be an important source of ROS generation through the ubiquinone-reactive sites Q 0 and Q i . (29, 30) Moreover, the redox activity of p66Shc within mitochondria has been shown to directly generate hydrogen peroxide through oxidation of cytochrome c without intermediate formation of superoxide anion, (31) whereas apoptosis-inducing factor (AIF), which exhibits an NADH oxidase activity, generates superoxide anion and subsequent hydrogen peroxide. (32, 33) Increased mitochondrial generation of superoxide has been shown in ASH and NASH models. (34, 35) In addition to its own damaging reactivity with iron-sulfur centers, the superoxide anion can be the source of further ROS and RNS. Superoxide anion can interact with NO to produce the highly reactive product peroxynitrite. Peroxynitrite has a short halflife and is responsible for many damaging modifications of tyrosine residues in mitochondrial target proteins, (36) which has been shown to mediate some of the features associated with mitochondrial dysfunction in NAFLD (see "Mitochondrial Dysfunction in NAFLD/ALD: An Ongoing Conundrum" section).
deFenses
Cells have developed a range of antioxidant strategies to cope with the constant generation of free radicals and reactive species, including enzymatic and nonenzymatic antioxidants. (35, 37) However, because of the relevance of mitochondria as a major source of ROS generation and their role in fatty liver disease, we will focus on the strategies to control the generation of mitochondrial ROS formation (Fig. 1) . The elimination of mitochondrial superoxide by manganese superoxide dismutase (MnSOD, also known as SOD2) is essential in the defense against oxidative stress and the maintenance of cell function, as illustrated by the fact that mice with global SOD2 deficiency experience neonatal death. As mentioned previously, the dismutation of superoxide generates hydrogen peroxide, which despite not strictly being an ROS, is a potent oxidant. The degradation of mitochondrial hydrogen peroxide is carried out by several antioxidant enzymes, most predominantly by peroxiredoxins (Prx), particularly PrxIII due to its mitochondrial localization, and the reduced glutathione (GSH) peroxidases (Gpx), including Gpx1, and more importantly by the mitochondrial Gpx4, which are dependent and require reduced GSH for their activity. The detoxification of hydrogen peroxide by PrxIII results in its oxidation, whose reduction occurs predominantly by thioredoxin-2 (Trx2). In addition, the presence of glutaredoxins (Grx), in particular Grx2, which is located in the mitochondrial matrix, catalyzes the reduction of thiol-disulfide exchange between protein thiols and oxidized GSH (GSSG) or between a glutathionylated protein and GSH; hence, Grx are critical to ensuring optimal protein activity in mitochondria. (38, 39) Because most mitochondria lack catalase, the mitochondrial GSH (mGSH) pool plays a critical role in the elimination of hydrogen peroxide, implying that its source and maintenance of its reduced form is critical for appropriate detoxication of hydrogen peroxide. In addition to detoxifying hydrogen peroxide, mGSH is also key in the catabolism and detoxification of hydroperoxides present on phospholipids and other lipid sources due to the presence of GSTs in mitochondria, which also require GSH as Mitochondrial ROS generation and antioxidant strategies. Oxygen consumption is a major driving force for ATP generation in the MRC. However, a collateral consequence of the OXPHOS is the transfer of electrons to molecular oxygen, resulting in the formation of superoxide anion. Because a superoxide anion is a highly reactive free radical, its down-regulation is ensured by the presence of SOD2, which dismutates superoxide anion into hydrogen peroxide. The elimination of this oxidant is essential to prevent the generation of more reactive species by the Haber-Weiss/Fenton reactions. Hydrogen peroxide can be eliminated by the presence of several strategies, the mGSH/Gpx and the PrxIII/Trx2 couples, thus denoting the relevance of its catabolism (see "Oxidative Stress: Concept, Sources, and Defenses" section). Essential for appropriate GSH redox function is the availability of mGSH, determined from its import from cytosol by a specific process mediated by the 2-oxoglutarate carrier. Abbreviation: 2-OG, 2-oxoglutarate carrier.
a cofactor. (38, 39) An interesting issue centers on the relative importance between the mitochondrial redox couple (mGSH/Gpx) versus the PrxIII/Trx2 system on hydrogen peroxide defense. The relevance of Gpx, particularly the mitochondrial-targeted Gpx4, against hydrogen peroxide has been illustrated by the embryonic lethality of global deletion of Gpx4 in mice, (40) whereas recent studies in HeLa cells identified PrxIII as a key defense against mitochondrial hydrogen peroxide. (41) Moreover, mGSH depletion has been shown to sensitize hepatocytes against oxidant cell death. (35, 37) Although specific kinetic features (e.g., K m for hydrogen peroxide and catalytic efficiency) between Gpx and PrxIII may account for the relative importance of the antioxidant systems mGSH/Gpx and PrxIII/Trx2 against hydrogen peroxide, differences in abundance and posttranslational regulation of these antioxidant components in different cells types (e.g., HeLa or hepatocytes) may also play a role in their relative importance in hydrogen peroxide defense. Interestingly, it has been shown that both antioxidant systems are interconnected. For instance, depletion of mGSH results in Trx2 oxidation, (42) whereas studies in hypercholesterolemic pigs indicated that the selective depletion of mGSH in heart mitochondria led to profound decreases in the levels of the mitochondria-specific antioxidant enzymes, such as SOD2, Trx2, and PrxIII. (43) Given the relevance of mGSH in maintaining the optimal antioxidant defense strategy in mitochondria, its availability within mitochondrial matrix is essential for mitochondrial function and cell survival, as discussed in the "Antioxidants Therapy: Critical Mitochondrial Antioxidants Balance" section.
Oxidative Stress: More Than an Imbalance Between Oxidants and Antioxidants
The original conception of oxidative stress as an imbalance between oxidants and antioxidants fostered the idea that the down-regulation of ROS by supplemented antioxidants (e.g., vitamin E, N-acetylcysteine [NAC]) would be efficient in the treatment of diseases. However, large-scale interventional studies with antioxidants in humans, based on this classical concept of oxidative stress, have been largely disappointing and inconsistent in demonstrating health benefits in the treatment of human-relevant diseases, including cancer and liver diseases. (44) (45) (46) (47) Although many unknown factors may have determined these unanticipated results, these findings opened new lines of thinking, including the concept that oxidative stress extends beyond the predicated imbalance between prooxidants and antioxidants and encompasses alterations in specific and discrete redox signaling pathways within cells. (48) This outcome may reflect the dissociation between the reduced and oxidant condition of molecules that represent the redox status of cells. For instance, although the GSH/GSSG and cysteine/cystine redox potential have been considered a useful estimation of the balance between oxidative reactions and endogenous antioxidant defenses, data from human plasma indicated that the concentration of GSH correlated with that of cysteine; however, no correlation was found between GSSG and cystine. (49) Furthermore, the values for the redox potential for plasma GSH/GSSG couple were more oxidized than the values reported in cells but less oxidized than the values of the redox potential for cysteine/cystine, indicating a lack of equilibrium of GSH/GSSG and cysteine/cystine pools between plasma and tissues, suggesting that these plasma redox levels do not necessarily reflect the complexity of oxidative stress as an imbalance between prooxidants and antioxidant systems. (49) These findings thus provided a rationale for the reformulation of the concept that oxidative stress may reflect the disruption of thiol redox states rather than the reflection of a net increase in reactive species, (48) underlying the so-called redox switch that involves phosphorylation/dephosphorylation reactions. This outcome is determined by the differential sensitivity of critical cysteinyl residues between kinases and phosphatases to oxidation by oxidative stress. Thus, in addition to targeting key cell components (e.g., DNA, protein, or lipids), the oxidation of cysteinyl residues by ROS can activate specific pathways such as stress kinases (e.g., ASK1) or inactivate phosphatases (e.g., JNK phosphatases) that further contribute to sustained activation of stress kinases, which ultimately lead to cell and tissue damage.
Moreover, in addition to the control of ROS generation by antioxidants, a critical balance among antioxidant enzymes is required to avoid the overgeneration of oxidants, such as hydrogen peroxide. This has been well documented in the case of SOD and Gpx, which modulate the conversion of superoxide anion to molecular oxygen and water in a two-step enzymatic process, involving first the dismutation of superoxide anion to hydrogen peroxide by SOD, followed by the conversion of hydrogen peroxide to molecular oxygen and water by Gpx. Overexpression of SOD activity relative to that of Gpx activity may lead to a net increase in hydrogen peroxide, which can result in the harmful generation of the hydroxyl radical by the Haber-Weiss/Fenton reactions, indicating that high levels of SOD have deleterious effects in cell function and life span. This concept has been well illustrated in experimental models, such as in bacteria that overexpress FeSOD or SOD2, which exhibit increased sensitivity to free-radical generators such as paraquat (50) or in Drosophila melanogaster in which the overexpression of Cu/ZnSOD increases mortality during the development of the mature insect. (51) More importantly, fibroblasts from patients with Down syndrome, which carry three copies of the Cu/ ZnSOD gene in chromosome 21 and only two copies of Gpx in chromosome 3, display increased activity of Cu/ZnSOD relative to GSHPx, resulting in increased basal levels of hydrogen peroxide. (52) This scenario will be specifically developed regarding the role of mGSH as a critical determinant of the beneficial effects of superoxide anion dismutation in experimental models of NASH and ASH (see "Antioxidants Therapy: Critical Mitochondrial Antioxidants Balance" section).
Mitochondrial Dysfunction in NAFLD/ALD: An Ongoing Conundrum
In addition to being the main culprits in the generation of ROS in the MRC, mitochondria play a key role in the metabolism of nutrients to provide the energy required for multiple cell functions, lending support to the concept that mitochondrial dysfunction can contribute to NAFLD/ALD progression. However, although this association appears to be intuitive, emerging experimental data have provided counterintuitive evidence that mitochondrial dysfunction prevents rather than promotes NASH and ASH.
naFld
Whereas oxidation of fatty acids in mitochondria is a source of energy, the impairment in fatty acid oxidation (FAO) rates in mitochondria is thought to contribute to fat accumulation and hepatic steatosis. Previous work reported mitochondrial abnormalities in patients with NASH as well as in patients with drug-induced NASH symptoms. In this regard, these patients exhibited enlarged and swollen mitochondria with loss of cristae and paracrystalline inclusion bodies. (53, 54) The reported rate of mitochondrial DNA (mtDNA) deletions in the NASH population was lower than in patients with ALD with active drinking. (55, 56) Moreover, decreased activity of hepatic MRC enzyme complexes has been reported in patients with NASH. (8) Specifically, this defect involved mitochondrial (complexes I, III, IV, and V) and nuclear (complex II) DNA-encoded subunits of mitochondrial complexes, which was not due to a lower presence of hepatic mitochondrial mass between patients and controls. Furthermore, the defects in MRC activity correlated with body mass index, plasma tumor necrosis factor levels, and homeostasis model assessment of insulin resistance index, indicative of insulin resistance, and were strongly correlated with the fibrosis staging of patients. (8) In line with these findings in human NASH, similar defects in mitochondrial function have been described in experimental models of NAFLD. Thus, ob/ob mice exhibited the myristylation of specific components of MRC, in particular the ND4 subunit of complex I and cytochrome c. (56) Moreover, in a nutritional NASH model, it has been described that feeding a methionine and choline diet (MCD) to rats for 4 weeks impaired carnitine palmitoyl transferase 1 (CPT1) activity, and therefore FAO, both in isolated mitochondria and hepatocytes. (57) In line with this notion, it has been reported that the overexpression of an active form of CPT1 (CPT1AM), which is insensitive to malonyl-coenzyme A (CoA) and therefore leads to a sustained increase in the rate of FAO independently of the glucose-derived malonyl-CoA levels, reduced obesity-induced hepatic steatosis, weight gain, inflammation, diabetes, and insulin resistance in diet-induced obesity in mice. (58) Further genetic models provided a link between impaired mitochondrial function and hepatic steatosis and NASH. For instance, mice with deletion of histidine triad nucleotide-binding 2 (HINT2), a member of the histidine triad superfamily of nucleotide hydrolase and transferase enzymes, exhibited decreased mitochondrial respiration and increased ROS generation and displayed morphologically deformed and fused mitochondria. (59) This mitochondrial phenotype correlated with the development of fatty liver, decreased glucose tolerance, delayed recovery from insulin-induced hypoglycemia, and increased levels of plasma insulin, leptin, adiponectin, and cholesterol. (59) Despite these findings indicating the association of mitochondrial dysfunction with progressive NAFLD, recent findings using genetic mouse models of mitochondrial OXPHOS defects, as well as pharmacological approaches to target β-oxidation, provided strong evidence that defects in mitochondrial respiratory capacity or decreased FAO rates prevent NASH and stimulate insulin sensitivity. For instance, deletion of AIF, an inner-mitochondrial membrane-associated protein that was originally identified as an important player in cell death, caused a progressive loss of MRC activity. (60) Mice with specific deletion of AIF in liver or muscle exhibited decreased OXPHOS gene expression similar to that observed in insulin-resistant patients. Moreover, complexes I and IV of the respiratory chain were functionally affected by loss of AIF expression in muscle, whereas liver-specific deletion of AIF was manifested primarily as a combined deficiency of complex I and complex V activity. These defects were accompanied by increased NADH/ NAD + ratio, decreased adenosine triphosphate (ATP) and cyclic adenosine monophosphate canaliculus levels, both in muscle and liver from AIF knockout mice, as well as increased plasma lactate content, a marker of anaerobic metabolism. Quite intriguingly, however, there was no evidence for increased ROS generation or inflammation in either tissue of the mutant mice, and despite decreased mitochondrial OXPHOS, targeted deletion of AIF improved glucose tolerance and insulin sensitivity in muscle, whereas AIF deletion in liver protected against diet-induced hepatosteatosis and liver insulin resistance. (60) Thus, these data provide compelling evidence that defects in mitochondrial function due to impairment of mitochondrial complexes I, IV, and V in liver and muscle induce a lean and insulin-sensitive metabolic state, conferring resistance to the adipogenic and diabetogenic effects of hypercaloric feeding. These intriguing findings are in line with the phenotype reported in mice with specific deletion of the mitochondrial transcription factor A (TFAM) in muscle or adipose tissue, which despite defective complex I, complexes I-III, and complex IV activities of the MRC, exhibited increased insulin sensitivity in both tissues. (61, 62) Thus, these findings challenge the view that loss of mitochondrial function is a cause of NAFLD, but rather imply that mitochondrial dysfunction may be a secondary consequence of disease progression.
ald
In addition to these findings in NAFLD, mitochondrial dysfunction is considered a hallmark of ALD. Pioneering work described structural abnormalities of hepatic mitochondria from patients with ALD and the presence of megamitochondria, which are usually associated with a milder form of the disease. (63, 64) Moreover, alcohol-related liver disease with active drinking is linked to the expression of an mtDNA deletion and fragmentation in human ALD. (53, 55) However, how these morphological alterations affect mitochondrial function in human ALD remains poorly understood. Indirect metabolic determinations using noninvasive breath tests have been considered an index of impaired mitochondrial function. (65, 66) The decarboxylation of ketoisocaproate is a specific mitochondrial reaction that results in the exhalation of CO 2 from 2-keto-isocaproic acid. (65) Peak exhalation of 13 CO 2 from 2-keto[1-
13 C]isocaproic acid as well as the fraction of the administered dose decarboxylated for 120 minutes were both significantly reduced in patients with alcoholism compared with healthy controls, whereas aminopyrine breath test and galactose elimination capacity were not altered, indicating that the impaired mitochondrial ketoisocaproate decarboxylation is not a consequence of decreased functional hepatic mass. Moreover, the level of circulating 2-keto[1-
13 C]isocaproic acid was similar between patients with alcoholism and controls, discarding decreased bioavailability or increased dilution of labeled 2-keto[1-13 C]isocaproic acid in patients. Importantly, the mitochondrial impairment in patients with alcoholism may be specific for decarboxylation reactions without involvement of other mitochondrial enzymes located in the inner or outer mitochondrial membranes. (66) Thus, although further work is needed to critically examine the functional status of mitochondria from patients with ALD, it is conceivable that this relationship may be dependent on the stage of ALD progression and the status of active drinking.
In experimental models, however, alcohol-mediated impairment in mitochondrial respiration appears to be species-dependent, with opposing results reported between rats and mice. For example, several studies in rats fed alcohol orally with Lieber-DeCarli liquid diet reported decreased mitochondrial respiration (state III) and lower respiratory control ratio (state III/state IV) in isolated liver mitochondria. (67) (68) (69) (70) In line with these findings, chronic alcohol intake impaired hepatic mitochondrial OXPHOS by suppressing the synthesis of protein subunits that are encoded by mitochondrial DNA, including subunits of the main respiratory complexes, NADH dehydrogenase (complex I), cytochrome b-c1 (complex III), and cytochrome oxidase (complex IV), as well as the ATP synthase complex (complex V). (71, 72) In contrast to these findings in rats, recent evidence in mice indicated increased mitochondrial respiration and higher level of complex I components in liver mitochondria. (73, 74) Moreover, mice fed alcohol orally in pair-fed liquid diet or given intragastrically exhibited increased state III respiration in isolated liver mitochondria, associated with enhanced levels of complexes I, IV, and V incorporated into the respiratory chain. (75) Compared with oral alcohol intake, the magnitude of these changes was higher when alcohol was administered intragastrically and correlated with the severity of liver injury. The increase in components of mitochondrial complexes following intragastric alcohol consumption was associated with increased PGC-1α protein expression but not of the TFAM. Furthermore, because alcohol intake has been shown to induce injury predominantly in a zonal-dependent manner, recent studies examined whether the changes in mitochondrial function following chronic alcohol intake exhibit an acinar distribution. Interestingly, the increase in mitochondrial function from alcohol-fed mice was predominantly observed in perivenous hepatocytes compared with periportal hepatocytes (76) (and manuscript in preparation), which correlate with the area most susceptible to alcohol-induced liver damage. Remarkably, recent findings in rats fed alcohol intragastrically reported opposing findings with respect to those described with the administration of alcohol orally, as outlined previously, exhibiting increased glutamate-malate and acetaldehyde-linked respiration and a mild decrease in succinate-driven respiration, (77) suggesting site-specific changes within the MRC elicited by alcohol consumption. Moreover, of relevance for human ALD, recent findings in chimeric mice xenotransplanted with human adult hepatocytes indicated an increased mitochondrial respiration after chronic and acute alcohol administration. (78) Thus, these data define a complex scenario with an apparent paradoxical role of alterations in mitochondrial function in fatty liver disease, requiring further investigation to establish whether mitochondrial dysfunction is a cause or consequence of NASH/ASH. Whether this complexity relates to magnitude and/or specificity of ROS generated or to their potential role as signaling entities remains to be further pursued. Moreover, the gender effect on mitochondrial (dys)function and subsequent ROS generation in NASH and ASH will need to be investigated in detail.
Mitochondrial Antioxidants Status in NAFLD/ALD
Given the role of mitochondria as a key player in ROS generation and the initiation of oxidative stress, and because the mitochondrial antioxidant network is important in the regulation of mitochondrial ROS generation (as described previously), we will focus on the status of mitochondrial antioxidants in NASH and ASH. Although increased superoxide anion in obese models of NAFLD is a consistent finding, the status of SOD2 is not well established, with studies indicating either decreased or increased expression. (79, 80) Quite intriguingly, ob/ob mice exhibited increased levels of superoxide anion that was accompanied by a paradoxical increase in SOD2 activity as well a decrease in mitochondrial GPx. Interestingly, using nutritional and genetic NASH models, an increased expression in the levels of SOD2 has been reported; however, this was accompanied by a significant impairment in SOD2 activity, which may reflect sensitivity to oxidative/nitrosative stress. (81) In this regard, SOD2 contains tyrosine residues that are susceptible to nitrosilation or oxidation by peroxynitrite, leading to enzymatic inactivation. (82, 83) Of relevance, the polymorphism C47T of the SOD2 gene is associated with a reduced SOD2 activity, which results in an increased ROS production and a high susceptibility to develop progressive NASH with advanced fibrosis in pediatric patients. (84) Similar to the status of SOD2 in NAFLD, the role of alcohol on SOD2 regulation is controversial, with findings indicating increased expression, (85) no change, (86) or decreased expression. (87) Moreover, recent findings underscore that chronic ethanol metabolism inhibits hepatic SOD2 through lysine acetylation, without change in SOD2 expression. (88) Interestingly, the lysine acetylation-mediated inactivation of SOD2 was preferentially seen in zone 3 of the liver, where most of the ethanol metabolism takes place. Although the mechanism of hyperacetylation by alcohol was not investigated, recent findings indicated that alcohol intake impairs SIRT3, a mitochondrial member of sirtuin family involved in protein deacetylation, by a 4-hydroxynonenal-mediated SIRT3 carbonylation. (89) Quite intriguingly, genetic studies examining the homozygosity for alanine in the mitochondrial targeting sequence of SOD2 gene, which is associated with increased mitochondrial localization, indicated that the frequency of the alanine-encoding allele and the percentage of alanine homozygotes correlated with the severity of ALD. (83) However, homozygosity for alanine does not modify alcohol consumption and the risk of macrovacuolar steatosis in patients with alcoholism, but emerged as a risk factor for severe ALD in humans. (90) In addition to these findings regarding the status of the first line of defense against mitochondrial superoxide generation, the mGSH redox cycle is a key mechanism for the metabolism of hydrogen peroxide and other hydroperoxides. This redox cycle requires reduced mGSH levels, and its depletion can impair the detoxification of peroxides. There has been evidence that mGSH status is limited in both NAFLD and ALD. In addition to the availability of NADPH to ensure the reduction of GSSG to mGSH by GRx, the homeostasis of mGSH is determined by its import from cytosol by a carrier-mediated process that is sensitive to changes in mitochondrial physico-chemical properties determined by alterations in the phospholipid/cholesterol molar ratio. (37, 39) In the case of NAFLD, nutritional and genetic models of hepatic steatosis characterized by accumulation of mitochondrial cholesterol reported depleted mGSH levels and sensitization to inflammatory cytokines. (91) Moreover, it has been shown that deficiency of microsomal triglyceride transfer protein resulted in liver steatosis and insulin resistance, and its inhibition by western diet feeding increased hepatic-free cholesterol level and subsequent accumulation in mitochondria. (92, 93) In addition, feeding a methionine-deficient and choline-sufficient diet, which induces NASH in mice, has been shown to deplete the phosphatidylcholine/ phosphatidylethanolamine ratio in mitochondrial membranes, resulting in decreased membrane fluidity and mGSH depletion. (94) In line with these findings, although the content of hepatic mitochondrial cholesterol in patients with NASH has not been reported, the overexpression of StARD1, a mitochondrial cholesterol transporting polypeptide involved in the trafficking of cholesterol to mitochondrial inner membrane, suggests enhanced mitochondrial cholesterol accumulation in human NASH, (95, 96) consistent with the reported mGSH depletion seen in human NASH. (97) In line with the preceding findings in NAFLD, mGSH has been shown to be depleted by alcohol feeding both in rats and mice, (98) (99) (100) (101) with a preferential effect seen in perivenous hepatocytes. (99, 100) The depletion of mGSH by alcohol feeding is rapidly reversed following alcohol withdrawal (102, 103) and occurs in mice fed alcohol intragastrically. (98) Moreover, recent evidence in rats fed an ethanol-polyunsaturated fatty acid treatment confirmed the mitochondrial cholesterol accumulation, resulting in mGSH depletion and ASH, and these effects were prevented by betaine treatment. (104) Interestingly, mGSH depletion by chronic alcohol intake has also been reported in alveolar type II cells, (105) indicating that the effect of alcohol in depleting mGSH is not an exclusive feature of the liver. Overall, this cumulative evidence points to a depression in the mitochondrial antioxidant defense in both NAFLD and ALD, which lends support that increased generation of ROS and prooxidants may be culprits for disease progression, highlighting the potential use of antioxidants in the treatment of fatty liver disease.
Antioxidants Therapy: Critical Mitochondrial Antioxidants Balance
The imbalance between ROS production and antioxidant defense in favor of the former has paved the way for the rationale behind the use of antioxidants as a potential therapy for the treatment of human fatty liver disease. As a consequence, there have been a number of trials testing the role of antioxidant therapy in NAFLD and ALD. For instance, Sanyal et al. reported that vitamin E was effective in the nondiabetic adult with NASH in reducing serum alanine aminotransferase (ALT) and inflammation, although it was ineffective in improving fibrosis. (47) However, the efficacy of vitamin E in NAFLD remains to be confirmed in independent studies. (106) In this regard, a meta-analysis of clinical trials did not provide clear-cut evidence for a beneficial effect of vitamin E in normalizing serum ALT in patients with NAFLD. (107) Likewise, vitamin E was also ineffective in improving serum ALT levels and NAFLD in pediatric NAFLD. (108) Therefore, the responses, longterm tolerance, and efficacy of vitamin E in patients with NAFLD with diabetes or NASH-related cirrhosis remain to be elucidated. (106) Similar to the findings in NAFLD, whether the use of antioxidants alone is able to improve the survival in patients with alcoholic hepatitis (AH), a severe form of ALD, is controversial. (46, 109) In this regard, administration of an antioxidant cocktail, including vitamin E and NAC, along with nutritional supplements, to patients with AH failed to improve survival in this cohort, (46) whereas Stewart et al., using a similar approach, reported increased short-term outcome. (109) Interestingly, however, the replenishment of hepatic GSH levels with either NAC or S-adenosylmethionine (SAM) has been shown to increase the efficacy of prednisolone in patients with advanced ALD. (110, 111) Although SAM acts as a GSH precursor, it is a methyl donor and therefore regulates multiple targets in hepatocytes. (112) Despite this broad-range effect, SAM therapy has been shown to improve survival in patients with less advanced alcoholic liver cirrhosis, such as patients with Child A and B. (113) Besides these findings and given the role of superoxide anion in cell fate and oxidative stress, targeting mitochondrial superoxide anion may be of potential relevance in NAFLD and ALD. To overcome the problems associated with the use of the native SOD enzymes, such as their inaccessibility to intracellular compartments and adverse effects due to immunogenic responses, chemical SOD mimetics have been developed and characterized for SOD activity. (114, 115) In this regard, it has been shown that the manganese (III) meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin (MnP) protects against HFD-induced obesity and liver steatosis. (116) Although MnP is a first-inclass oxidoreductase, it not only scavenges superoxide anion but also possesses anti-inflammatory properties by targeting nuclear factor kappa B, arguing that the beneficial effect of MnP may be independent of scavenging superoxide anion. Moreover, Mn(III)tetrakis(4-benzoic acid)porphyrin chloride (MnTBAP), an anionic porphyrin SOD mimetic, has been shown to worsen nutritional (MCD) and genetic (methionine adenosyltransferase 1A) models of NAFLD despite superoxide anion scavenging and decreasing peroxynitrate generation. (81) Although it has been argued that MnTBAP scavenges peroxynitrite as well, MnTBAP has been shown to functionally replace SOD2 deficiency in Sod2 tm1Cje null mice, resulting in prevention of systemic pathology, hepatic lipid accumulation, and extended life span. (117) Because these models of NAFLD cause mGSH depletion, the scavenging of superoxide anion by MnTBAP resulted in the overproduction of hydrogen peroxide and hydroxyl radical, and the worsening effect of MnTBAP therapy was rescued by increasing mGSH levels with GSH ethyl ester (GSHEE), a permeable form of GSH. (81) Interestingly, the beneficial effects of recovering mGSH by GSHEE was recapitulated by MitoQ. Thus, these findings demonstrate that the beneficial effect of scavenging superoxide anion is determined by the availability of mGSH and illustrate the need to maintain a subtle antioxidant balance to prevent oxidative stress and NAFLD progression (Fig. 2) . Moreover, SOD2 transgenic mice exhibit increased susceptibility to MCD-induced NASH despite decreased superoxide anion and peroxynitrite generation, demonstrating that overexpression of SOD2 in the face of mGSH depletion sensitizes to nutritional NASH.
In line with these findings, it has been shown that chronic alcohol consumption induced lipid peroxidation, respiratory complex I protein carbonylation, mtDNA depletion, and respiratory complex dysfunction in transgenic mice overexpressing SOD2 (TgSOD2) but not in wild-type mice. (34, 118) Because mGSH is depleted in ALD (see "Mitochondrial Antioxidants Status in NAFLD/ALD" section), these findings suggest that the therapeutic role of SOD mimetics in ALD may also depend on the status of mGSH. Consistent with this possibility, it has been shown that acute alcohol binging exacerbated mtDNA depletion in SOD2-deficient mice. (118, 119) Very interestingly, recent findings have shown a promising effect of redox nanoparticles for the treatment of NASH. (120) Redox polymers exhibiting antioxidant activity against nitroxide radicals in the hydrophobic core of the particle and amine linkages to allow the disintegration of the particles under acidic conditions due to the protonation of amino groups, were efficient in reducing hepatic ROS levels and ameliorating inflammation and fibrosis in murine NASH without changes in liver steatosis or liver weight. Although these findings underscore the potential of redox nanoparticles as a novel potential therapy for NASH, further work is needed to ascertain whether this approach targeted mitochondrial function and antioxidant defenses.
Conclusions and Future Perspectives
NAFLD and ALD are complex metabolic diseases that lack current effective treatment, likely reflecting our incomplete understanding of the molecular mechanisms underlying their pathogenesis. Although mitochondria are key in the maintenance of a myriad of cell functions, they are also the main source of ROS, which, due to their reactivity, can target multiple components, including DNA, proteins, and lipids. Thus, although counteracting ROS generation by antioxidants may have beneficial effects, this approach unfortunately has not been translated yet in human disease. Although the burst of ROS production has been viewed as an important culprit in cell pathophysiology and disease, current data suggest that increased ROS production may serve as a "signaling" mechanism to allow up-regulation of antioxidant defenses and long-term protection of significant relevance in diseases and aging, underlying a redox paradox and the so-called mitohormesis theory. (121) Thus, the dual function of ROS/oxidative stress as cell death triggers or players in signaling pathways may determine the final role of mitochondrial dysfunction as a cause or consequence of disease progression. In addition to this complex role of mitochondrial (dys)function in liver diseases, targeting a single antioxidant arm may be more deleterious than beneficial. Shown in both NAFLD and ALD, increasing the dismutation of mitochondrial superoxide anion with SOD mimetics in experimental models failed to protect against disease progression despite decreased superoxide anion and peroxynitrite formation. This strategy, in combination with the limitation of another key mitochondrial antioxidant defense, such as mGSH, which is key for appropriate defense of GSH redox cycle, results in the accumulation of hydrogen peroxide, which, as a potent oxidant, can lead to the generation of more harmful and reactive ROS such as hydroxyl radical. Furthermore, the use of GSH precursors to replenish mGSH levels in fatty liver disease is also of interest. Although NAC is a GSH precursor by supplying the rate-limiting amino acid cysteine, it is unable to replenish mGSH in the face of mitochondrial cholesterol loading and hence will not be an efficient choice in NASH/ASH. In contrast, GSHEE, permeable GSH form, freely diffuses through membrane bilayer and has been shown to restore mGSH bypassing the block due to changes in mitochondrial membrane fluidity. In addition to maintaining a critical mitochondrial antioxidant balance to avoid oxidative stress, recent findings have provided evidence that therapy with redox nanoparticles counteracting nitrosative radicals may be of promise in the treatment of NASH. Further research would be needed to test whether this approach in combination with SOD mimetics and mGSH precursor could be effective for NAFLD and ALD. 
